In this work, all the rate constants in the kinetic mechanism of the yeast alcohol dehydrogenase-catalyzed oxidation of ethanol by NAD + , at pH 7.0, 25 ºC, have been estimated. The determination of the individual rate constants was achieved by fitting the reaction progress curves to the experimental data, using the procedures of the FITSIM and KINSIM software package of Carl Frieden. This work is the first report in the literature showing the internal equilibrium constants for the isomerization of the enzyme-NAD + complex in yeast alcohol dehydrogenase-catalyzed reactions.
(Grade V, 99 %) and NADH (Grade IV, dipotassium salt, 98 %) were obtained from Sigma. Ethanol and acetaldehyde were obtained from Sigma and distilled before use; their concentrations were determined enzymatically. 15 All other chemicals were of the highest grade purity obtainable from commercial sources.
Methods
The concentration of the enzyme protein in solution was determined according to Hayes and Velick 16 and the concentration of enzyme active sites by the fluorescent method of Leskovac et al. 17 Initial velocity studies were performed and reaction progress curves were recorded in a double-beam spectrophotometer fitted with thermostated cuvette holders; the reaction rates were determined from the initial linear phase of reaction progress curves at 25 ºC. The kinetic measurements were performed in 0.1 M sodium phosphate buffer, pH 7.0, supplemented with 0.5 mM EDTA and 0.325 mM glutathione. The initial rate data were collected at 4 or 5 different concentrations of a variable and of a constant substrate. The initial rate data in the forward direction, oxidation of alcohols, obtained by varying the concentration levels of both substrates, were fitted to Eq. (1) 
In the reverse direction, reduction of aldehydes, the kinetic constants are: V 2 , the catalytic constant in the reverse direction (s -1 ), K Q and K P the Michaelis constants for NADH and aldehydes (M), K iQ the inhibitory constant for NADH (M), and Q and P the concentrations of NADH and aldehydes (M), respectively. 19 For the estimation of the rate constants, the KINSIM and FITSIM software packages, 12-14 obtained from Professor Carl Frieden and revised by Dr. Quoc Dang, were implemented throughout this work. The KINSIM and FITSIM software packages may be obtained from the Carl Frieden's website, and downloaded directly from the same: http://biochem.wustl.edu/cflab/.
For the implementation of the KINSIM and FITSIM computer programs, two reaction progress curves in the forward direction (E1, E2) and three in the reverse direction (A1, A2, A3) were analyzed; the starting concentrations of substrates assured that reactions were predominantly ordered (Table I) . The experimental data were collected in the form of five files, each with 18 -25 data points. The fitting procedure was accomplished in three steps, as described in the Results section.
RESULTS

Kinetic mechanism of action of enzyme
Yeast alcohol dehydrogenase (EC 1.1.1.1, constitutive, cytoplasmic) catalyzes the following reversible reaction 11 :
Analysis of the steady-state kinetic data indicates that the yeast enzyme follows the steady-state random mechanism on the alcohol side, and the steady-state ordered mechanism on the aldehyde side of the catalytic cycle, with lower aliphatic alcohols and aldehydes, including propan-2-ol 11,20,21 (Scheme 1) Table II shows the steady-state kinetic constants for yeast alcohol dehydrogenase-catalyzed oxidation of ethanol with NAD + at pH 7.0. 
Determination of rate constants
In order to determine the rate constants in the kinetic mechanism of the yeast enzyme, two dozens reaction progress curves were recorded with YADH-catalyzed reaction: ethanol + NAD + acetaldehyde + NADH + H + , at pH 7.0, 25 ºC, a dozen in the forward and a dozen in the reverse direction, with widely different starting concentrations of the substrates.
The kinetic mechanism for this enzyme at neutral pH and with the above substrates, is steady-state random from the alcohol side and strictly ordered from the aldehyde side of the catalytic cycle (Scheme 1). Therefore, five reaction progress curves were chosen, with starting concentrations of substrates which assured a predominantly ordered mechanism for the best part of reaction progress curves (Scheme 2). Table I , one in the forward direction (E1) and the other in the reverse direction (A1). The figures show the experimental points (open circles) and the calculated reaction progress curve (full line) estimated by computer programs from the mechanism in Scheme 2, and assuming that the rate constants have the values listed in Table IV .
The inclusion of the isomerization equilibrium k 31 /k 41 was justified by the direct proof for the isomerization step obtained recently by Northrop. 22, 23 Thus two reaction progress curves in the forward direction (E1, E2) and three in the reverse direction (A1, A2, A3) were analyzed; the starting concentrations of substrates assured that reactions were predominantly ordered (Table I ). The experimental data were collected in the form of five files, each with 18 -25 data points. The fitting procedure was accomplished in three steps.
First step. Four rate constants were initially estimated from the steady-state kinetic data; in an ordered mechanism, some of the rate constants can be determined directly from the kinetic constants (Table II) . In an ordered bisubstrate mechanism, k 7 = V 2 K iQ /K Q and k 8 = V 2 /K Q . 24 Further, with the yeast enzyme, the rate limiting step in the reverse direction is predominantly the dissociation of the E.NAD + complex; thus k 2 is approximately equal to V 2 . The dissociation constant of the E.NAD + complex at pH 7.0 (300 mM) was determined independently 10 ; from this value, the rate constant k 1 can be estimated from the relationship k 1 = k 2 /K E.NAD + . Thus the initial estimate of the rate constants k 1 , k 2 , k 7 and k 8 was accomplished. The initial estimates of the rate constants k 5 , k 6 , k 9 and k 10 were taken from the work of Dickinson and Dickenson. 4 Initially, each file was fitted visually using the FITSIM program, changing always only one rate constant at a time. This procedure was repeated several hundred times, with each file in turn, until a satisfactory visual fit was obtained for each file with a single set of rate constants. In this way, a crude estimate of all the rate constants was obtained.
Second step. In the second step, all five files were introduced into the KINSIM program together with all the rate constants estimated as described above. Then, all the rate constants were kept fixed, except for one pair, such as k 1 /k 2 or k 3 /k 4 , etc.; then, the sum of the squared differences between the calculated and experimental data points (sum of squares of SSQ) was determined. This procedure was repeated over one hundred times with many different combinations of rate constants until an absolute minimum in SSQ was obtained. This was the best statistical fit, and is labeled in Table III as the "best fit". Third step. In the third step, all five files were introduced into the KINSIM program, together with all rate constants labeled as the "best fit". Then, again, all the rate constants were kept fixed, except for one pair, such as k 1 /k 2 or k 3 /k 4 , etc.; the value for each pair of rate constants plus the standard error was calculated and introduced into Table III as the "calculated" value. The individual rate constants k 3 and k 4 could not be calculated, but only their ratio.
Recently, the value of the equilibrium constant for the isomerization equilibrium (k 42 /k 31 ) was reported to be 75. 22, 23 From this value, it was possible to estimate the equilibrium constant k 41 /k 32 (Table IV) . 
The fitting procedure described above, permitted the estimation of all the rate constants in the mechanism, and the calculated data were compared with experimental results. The goodness of the fit is shown in Fig. 1 . Figure 1 shows the reaction progress curves for the two experiments from Table I , one in the forwared direction (E1) and the other in the reverse direction (A1). The figure shows the experimental points (open circles) and the calculated reaction progress curves (full line) calculated by computer programs from the mechanism in Scheme 2, and assuming that the rate constants have the values listed in Table IV . In Fig. 1 , a satisfactory fit between the measured data and the computer fit to the same data, was achieved.
DISCUSSION
In this work, the kinetic properties of two different preparations of yeast alcohol dehydrogenase are compared. The first one was the home-made preparation of Dickinson, 3, 4 and the second one was the commercial preparation of the yeast enzyme investigated in this work; the steady-state kinetic parameters for both preparations are shown in Table II . The individual rate constants in the mechanism were estimated by steady-state kinetic methods for the home-made preparation, and by procedures for fitting the reaction progress curves for the commercial preparation (Table IV) .
The individual rate constants in the mechanism are shown in Table IV ; despite the differences in enzyme preparation, the rate constants are almost identical for both preparations, except those which are connected with the binding and release of coenzymes.
From Table II , it can be seen that the maximum rate relationship, 21 V 1 K iA /K A < V 2 , is satisfied for the redox pair ethanol/acetaldehyde at pH 7.0; this is consistent with an ordered addition of products in the reverse direction, reduction of aldehyde. On the other hand, the V 2 K iQ /K Q function is almost equal V 1 for ethanol and acetaldehyde at pH 7.0. In the past, this equality was usually interpreted as a fact implying that the dissociation of the E.NADH complex is the rate-limiting step in the forward direction, oxidation of alcohols. 4, 25 The mechanism shown in Scheme 1 is compatible with deuterium kinetic isotope effects reported for ethanol, D V 1 = 1.8, D (V 1 /K A ) = 1.8, and D (V 1 /K B ) = 3.2, 5 around neutrality. With ethanol, the effect on D (V 1 /K A ) was smaller than on D (V 1 /K B ), suggesting that NAD + binds before ethanol; the still significant size of D (V 1 /K A ) is probably due to dissociation of NAD + from the ternary complex. 6 This work presents the first complete report in the literature of internal equilibria in the yeast enzyme-catalyzed oxidation of an alcohol by NAD + , including the isomerization of the enzyme-NAD + complex. U ovom radu, mi smo odredili sve konstante brzine u kineti~kom mehanizmu alkohol-dehidrogenaze kvasca, koja katali{e oksidaciju etanola sa NAD + , na pH 7,0, 25 ºC. Pojedina~ne konstante brzine smo izra~unali iz kriva progresa reakcije, uz upotrebu FITSIM i KINSIM kompjuterskih programa Karla Fridena. U ovom radu su, prvi put u literaturi, objavqene interne ravnote`ne konstante za izomerizaciju enzim-NAD + kompleksa u reakcijama koje katali{e alkohol-dehidrogenaza kvasca. YEAST ALCOHOL DEHYDROGENASE-CATALYSED REACTIONS
